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We study possible effects of a dark matter (DM) core on the maximum mass of a neutron star (NS),
on the mass-radius relation and on the NS tidal deformability parameter Λ. We show that all these
quantities would in general be reduced in the presence of a DM core. In particular, our calculations
indicate that the presence of a DM core with a mass fraction ∼ 5% could affect significantly the
interpretation of these NS data as constraints on the nuclear equation of state (EOS), potentially
excluding some EOS models on the basis of the measured mass of PSR J0348+0432, while allowing
other EOS models to become consistent with the LIGO/Virgo upper limit on Λ. Specific scenarios
for generating such DM cores are explored in an Appendix.
I. INTRODUCTION
The discovery of gravitational waves (GWs) by the Ad-
vanced LIGO and Virgo Collaborations [1] has opened
a new window on the Universe, making possible novel
probes of gravitational physics, astrophysics, cosmology
and other other aspects of fundamental physics. More-
over, the observation of GWs from the merger of a pair
of neutron stars (NSs) [2], by constraining the tidal de-
formability Λ of dense nuclear matter, has provided a
new probe of the nuclear equation of state (EOS) [3].
We pointed out [4] that this observation of GWs from
a NS-NS merger also opened a new window on possible
models of dark matter (DM) that could modify the GW
signal emitted following the merger, yielding one or two
additional peaks in the postmerger frequency spectrum
that might be detectable in the future GW signals from
NS mergers. Previous to our work, it was also pointed
out that DM could have a significant effect on the NS
mass-radius relation [5], and more recently the possible
effect of DM on the tidal deformability of a NS has been
considered [6].
The DM scenario considered in [4] invoked the presence
of a DM core inside the NS, whereas that envisaged in [6]
was of a DM halo enveloping the star. In this paper we
extend the study of our DM core scenario to include con-
siderations of its possible effects on the maximum mass of
a NS, its radius for any fixed mass, and its tidal deforma-
bility Λ. All of these quantities are in general reduced in
the presence of such a DM core. For comparison, we
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note that reductions in the maximum mass and radius
were also found in the DM core model of [5], whereas
an increase in Λ was found in the DM halo model of [6].
Within the framework of the DM core model we consider,
the observation of the neutron star PSR J0348+0432 [7],
with a mass ' 2M, limits the choice of possible EOSs,
whereas a larger selection of EOSs would be compatible
with the LIGO/Virgo upper limit Λ < 800 on the tidal
deformability, if the DM core has a mass of 5% of the
total NS mass. In this case, for example, the EOS ALF2,
H4 and SLy4 would be ruled out by PSR J0348+0432,
whereas the EOS APR3, MS1, MS1B and H4 could no
longer be excluded by the upper limit on Λ. (See [8–15]
for references to these models. In Ref. [13] the EOS APR4
and APR3 are called A18+δv+UIX∗ and A18+UIX, re-
spectively.)
The layout of this paper is as follows. In Section II we
discuss how we model the nuclear and DM components
of the NS. For the former we consider 11 representative
EOSs taken from [8–15] that are compatible with the ob-
servation of PSR J0348+0432 [7], and for the DM EOS
we consider in detail an example appropriate for self-
interacting bosonic DM, arguing that asymmetric DM
with or without self-interactions would yield similar re-
sults. In Section III we calculate for various EOS the ef-
fect on the NS mass-radius relation of a DM core with 5%
of the NS mass. We also explore in more detail the effects
of the DM self-interaction strength and core mass for the
H4 EOS [11], which is chosen because it has large maxi-
mum mass, considering also the possibility that the DM
forms a halo with radius larger than the nuclear matter.
The possible effects of a DM core on the tidal deforma-
bility are considered in Section IV, and our conclusions
are summarized in Section V. Finally, for completeness
we mention in an Appendix three possible scenarios for
the formation of the DM cores and halos that we con-
sider in the body of the paper, one invoking n→ massive
DM conversion, another postulating bremsstrahlung of a
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2lighter DM particle, and a third based on the existence
of DM stars.
II. MODELING THE NEUTRON STAR
COMPONENTS
In order to be consistent with the observation of PSR
J0348+0432 [7], we use 11 different nuclear EOSs that re-
produce a maximal NS mass exceeding 1.97M to model
the baryonic component of a NS [8–15]. As illustrations
of the possible effects of a DM component we have con-
sidered the following possibilities.
• Self-interacting bosonic DM: We use the Bose-Einstein
condensate EOS [16],
PD =
~2√piσD
m3D
ρ2D , (1)
where σD is the repulsive DM self-interaction cross sec-
tion and mD is the mass of the DM particles.
• Asymmetric fermionic DM: In the absence of self-
interactions, the pressure and energy density are given,
respectively, by [17, 18]
ρ
(0)
D =
m4Dc
6
~3
χ(x) , P
(0)
D =
m4Dc
6
~3
φ(x) , (2)
where
χ(x) =
x
√
1 + x2(1 + 2x2)− ln (x+√1 + x2)
8pi2
,
φ(x) =
x
√
1 + x2
(
2x2
3 − 1
)
+ ln
(
x+
√
1 + x2
)
8pi2
,
(3)
and the parameter x = pD/mD quantifies how relativis-
tic the DM particles are, where pD denotes the Fermi
momentum. Including now a self-interaction potential
V =
g e−mar
4pir
, (4)
where g is the DM-mediator coupling constant and ma
the mediator mass, the quantities in Eq. (2) receive the
following additional terms [17, 18]:
ρD = ρ
(0)
D +
g2x6m6D
2(3pi2)2(~c)3m2a
,
PD = P
(0)
D +
g2x6m6D
2(3pi2)2(~c)3m2a
.
(5)
We anticipate that, once a positive pressure is gener-
ated for the DM component so as to prevent the for-
mation of a black hole at the center of the NS [19–22],
these examples would result in qualitatively similar phe-
nomenological effects on the mass-radius relation and the
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FIG. 1. Effects of DM cores on the mass-radius relation for
NSs. The color code denotes the different baryonic EOSs
considered [8–15]. The solid lines are for cases in which a
NS contains no DM, whereas the dashed lines include the
effect of a DM core contributing to 5% of the total NS mass
and
√
σD/m
3
D = 0.05 GeV
−2. The horizontal lines show the
bounds on the maximal NS mass 1.97M < Mmax < 2.33M
inferred, respectively, by observations of PSR J0348+0432 [7]
and an analysis of GW170817 [23], assuming that its merger
product was a black hole.
tidal deformability of NSs. As we will show in the next
sections, these observables are insensitive to the dynam-
ics that stabilize the DM structure, be it the Fermi pres-
sure or the repulsive self-interactions necessary in the
bosonic case, and only track the total DM mass. In the
following we present a detailed analysis of the effects of
a DM component modeled using the EOS in Eq. (1), ex-
pecting that similar results would hold in the other cases.
III. MASS-RADIUS RELATION FOR NEUTRON
STARS
We have solved the coupled Tolman-Oppenheimer-
Volkoff (TOV) equations [24, 25] to compute the ra-
dial density and pressure profiles of the baryonic and
DM components for various choices of the nuclear EOS
and ranges of the effective DM self-interaction strength√
σD/m
3
D and the DM fraction. We assume that the non-
gravitational interactions between the nuclear and DM
components are negligible, so that they interact only via
the common gravitational potential [26].
The effect of a DM core on the mass-radius relation
is shown in Fig. 1. Here the color code denotes the dif-
ferent EOSs considered, with solid and dashed lines rep-
resenting the cases in which the DM core is absent or
contributes 5% of the total NS mass, respectively. The
ends of the lines at low R are due to instability of the
NS [27]. Dotted lines indicate instead that the causality
condition [28] is not satisfied. The overall effect of a DM
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FIG. 2. The lighter regions show the parameter space where DM forms a core inside the NS, assuming the H4 EOS for the
nuclear component. In the darker regions, to the contrary, the DM halo envelops a baryonic NS core. White areas are excluded
by the stability constraint. All the plots are for a baryonic mass of MN = 1.4M. The left panel shows the sound velocities cN
and cD in the baryonic and DM components, respectively, at the center of the NS. The middle panel shows the radii RN and
RD of the baryonic and DM components, respectively, and the right panel shows the tidal deformability Λ. In each panel the
red dashed and dot-dashed curves show the contours Λ = 400, and Λ = 800, respectively.
core is to make the NS more compact and to decrease
the maximum NS mass achievable. The reduction in the
maximum mass for a DM fraction of 5% would render
the EOS ALF2, APR4, ENG, H4 and SLy4 incompatible
with the measurement of the mass of PSR J0348+0432.
The upper dashed horizontal line in Fig. 1 shows
the upper bound on the maximal NS mass obtained in
Ref. [23] by combining the observations of the NS merger
GW170817 with a quasiuniversal relation between the
maximum mass of nonrotating and uniformly rotating
stellar models, and assuming that the merger product
collapses to a black hole. As a DM core would reduce the
maximum mass for a given baryonic EOS, its presence
would increase increase the compatibility of any EOS
with this bound. Moreover, we expect this bound to
change in the presence of a DM core within the merging
NSs. For instance, the bound would soften if a substan-
tial DM core remains inside the merger product.
Since the H4 nuclear EOS is in good agreement with
the bounds mentioned above, we explore in more detail
in Fig. 2 the effects of the DM self-interaction strength
and core mass for this EOS. In the left and middle pan-
els of Fig. 2 we show the dependences of the NS radius
and the sound speed at the center of the NS on the DM
self-interaction strength and total DM core mass. These
calculations are for a NS with mass MN = 1.4M. In the
shaded regions to the left of the thick solid lines the DM
core is fully contained in the NS. We find that the radius
of the NS does not depend significantly on the strength
of the DM self-interaction. In the darker shaded regions
to the right of the thick solid lines the NS is enveloped
within a DM halo. In this case also the presence of DM
decreases the NS radius, but now the latter is sensitive
to the DM self-interaction strength. In essence, we find
that the NS mass-radius relation is affected only by the
total DM mass contained in the baryonic shell, regardless
of its distribution. The NS stability requirement is not
respected in the white regions of Fig. 2, and we see that
this forbids DM cores with masses & 0.3M.
Similar results on the change of the compactness of the
NS in the presence of a DM core have been obtained in
Refs. [26, 29, 30]. As pointed out in Ref. [29], depend-
ing on the formation history of the DM core, the total
DM mass contained in the NS may vary considerably.
Consequently, we expect a spread in the compactness of
NSs and the observed NSs need not obey the same mass-
radius relation.
IV. EFFECT OF DM ON THE TIDAL
DEFORMABILITY
In the absence of a DM core, the gravitational radia-
tion emitted during the inspiral of a NS binary system
is sensitive to the tidal distortion of the NS, which is
sensitive in turn to the nuclear EOS [2]. We now investi-
gate the effect of a DM component on the dimensionless
quadrupolar tidal parameter, defined as
Λ =
2
3
k2
(
GM
c2R
)−5
, (6)
where k2 is the l = 2 tidal Love number [31, 32], which
can be calculated once the coupled TOV equations are
solved for the total pressure and density profiles.
We have investigated the possible effect of DM on the
tidal deformability Λ (6), as seen in the right panel of
Fig. 2 and in Fig. 3 for a fixed NS mass. In the former we
consider the effects of both the DM mass fraction and the
self-interaction strength, whereas in the latter we restrict
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FIG. 3. The lines show how the tidal deformability Λ (6)
changes as a function of the DM mass fraction, with the DM
self-interaction strength set to
√
σD/m
3
D = 0.05 GeV
−2. Dif-
ferent colors represent different baryonic matter EOSs, as in-
dicated. The total mass of the star is set to 1.4M, within
the range indicated by GW170817. Observations of its GW
signal exclude the region above the upper dashed line at the
90% confidence level [2]. The lower dashed line indicates a
tentative lower bound on Λ [33].
our attention to small DM self-interactions, so that a DM
core is formed rather than a halo surrounding the star.
In both figures we take the NS mass to be MN = 1.4M,
which is consistent with the recent measurements of the
NS-NS merger GW170817 [2].
As seen in Fig. 3, we find that, regardless of the bary-
onic EOS considered, the tidal deformability decreases
progressively for increasing values of the DM core mass.
The upper dashed line indicates the bound Λ < 800 im-
posed by the GW observations at the 90% confidence
level [2]. The possible presence of a DM core could, there-
fore, complicate the interpretation of this upper bound,
as well as possible future measurements of NS-NS merg-
ers. In particular, we see that in the presence of a DM
core the EOS MS1, MS1B and H4 could no longer be
excluded by the upper bound on Λ set by [2]. In addi-
tion, the lower dashed line indicates a tentative bound
Λ > 400 on the tidal deformability parameter obtained
in Ref. [33] by combining optical/infrared and GW obser-
vations. If confirmed, this would rule out the EOS ENG,
BSK20, SLy4, APR3 and APR4, and large DM cores for
any baryonic EOS.
More details of the dependence of the tidal deformabil-
ity for MN = 1.4M on the DM self-interaction strength
and the total DM mass are shown in the right panels of
Fig. 2 for the nuclear EOS H4. Similarly to the NS ra-
dius, also the tidal deformability is essentially determined
by the total DM mass contained within the baryonic core
of the NS, and does not depend significantly on the DM
self-interaction strength in the presence of a DM core.
However, when the radius of the DM distribution is larger
σD /mD3 =0.06GeV-2σD /mD3 =16GeV-2
-3.0 -2.5 -2.0 -1.5 -1.0 -0.5
200
400
600
800
1000
1200
1400
log10(MD /MN )
Λ
FIG. 4. The solid lines show slices for two fixed values of√
σD/m
3
D through the right panel of Fig. 2. For the parame-
ters corresponding to the lighter solid line, the radius of the
DM sphere never exceeds that of the NS, whereas in the case
marked by the darker solid line the crossing where the DM
starts to envelope the NS is shown by the vertical dotted
line. The horizontal dashed lines are for the upper bound
Λ = 800 [2] and the tentative lower bound Λ = 400 [33].
than the NS, the tidal deformability becomes sensitive to
both the DM self-interaction strength and total mass. In
the case that RD  RN, the tidal deformability increases
for increasing values of MD, in contrast with the case of
a DM core. Such a behavior was to be expected, as the
tidal deformability depends strongly on M/R, where M
and R are the total mass and the total radius, respec-
tively, of the combined NS + DM system, and the effect
of DM on the tidal deformability is significant even when
a very small total DM mass is considered.
Gravitational wave observations of the inspiral phase
of a NS coalescence probe the last few dozens of seconds
before the NS-NS merger. During this phase, the separa-
tion of the stars is typically r < 150 km [6], so observing
the tidal deformability in the case RD > RN requires
that RD <∼ 75 km. We find that in this case the maxi-
mum values of the tidal deformability for MN = 1.4M
are Λ = O(103) for the H4 EOS. We note that this value
is larger than the current 90% confidence level bound
Λ < 800 [2], which is shown by the red dot-dashed lines
in Fig. 2.
Similar results were recently obtained in Ref. [6], which
focused on cases where a DM halo envelopes the NS.
For the purpose of comparison, we shown in Fig. 4 two
vertical slices through the right panel of Fig. 2 with
fixed
√
σD/m
3
D. We see that the tidal deformability de-
pends essentially on the ratio of the DM mass contained
within the NS to that contained in the halo outside the
NS. In the case of the lighter solid line for
√
σD/m
3
D =
0.06/GeV2, the DM always forms a core whose radius is
smaller than that of the nuclear matter, and the tidal
deformability decreases monotonically as a function of
the total DM mass. On the other hand, in the case of
the darker solid line for
√
σD/m
3
D = 16/GeV
2, after de-
creasing rapidly as the DM core radius increases towards
5the NS radius, which it crosses when log10(MD/MN) '
−2.18, and decreasing more slowly for larger MD/MM ,
Λ starts to increase for log10(MD/MN) & −1.5. We find
that the minimum value of Λ occurs for a DM halo radius
larger than the NS, when the total DM mass inside the
NS equals that outside the NS, and Λ increases to above
the case with no DM when MD/MN is sufficiently large.
V. CONCLUSIONS
We have presented in this paper a unified discussion
of the possible effects of DM structures on the possible
masses, radii and tidal deformation parameters of a NS.
Our main focus has been on DM cores with smaller radii
than the nuclear matter, though we have also considered
some aspects of models in which the DM structure is a
halo that envelopes the NS. Qualitatively, we find that a
DM core would tend to decrease the maximum NS mass,
its radius for any given mass, and its tidal deformability
parameter Λ. These effects could be observable for DM
cores with masses ∼ 5% of the total NS mass, in which
case the DM cores might also yield observable signatures
in the frequency spectrum of GW emissions following a
NS-NS merger, as discussed in [4].
The DM effects on NS properties could complicate the
interpretation of NS measurements in terms of possible
models of the NS EOS. For example, some EOS models
that yield maximum masses & 2M might no longer do
so if the NS had a heavy DM core. On the other hand,
some EOS models that seemed to be incompatible with
the upper limit on the tidal deformation parameter Λ <
800 might be acceptable if the DM core were sufficiently
massive.
We have also presented in the Appendix some specific
scenarios for the formation of a DM core in a NS, which
motivate our calculations of the possible effects, though
detailed explorations of these scenarios are beyond the
scope of this paper. However, one relevant comment is
that the DM mass fraction would, in general, not be uni-
versal. Scenarios that rely on mechanisms taking place
inside the NS would give DM mass fractions that depend
on its age or initial temperature, while other scenarios
could yield a DM mass fraction that depends on the envi-
ronment in which it was formed. Such possibilities would
further complicate the interpretations of future GWs and
other probes of NS properties.
In the mean time, we await eagerly future experimental
measurements of NS properties that could cast light on
DM, as well as the NS EOS and gravitational physics.
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Appendix: Formation of Dark Matter Structures
During its usual evolution, a NS cannot accumulate
via gravitational accretion DM in quantities sufficient
to form substantial DM cores or halo. Assuming a NS
lifetime of ∼ 10 Gyr and, for example, a prototypical
weakly interacting massive particle candidate, the typ-
ical amount of accreted DM does not significantly exceed
∼ 10−10M [34–37]. Therefore the formation of substan-
tial DM structures would require additional mechanisms
involving the phenomenology of alternative DM models.
Below, we provide three examples of such dynamics.
Dark conversion of the neutron to scalar DM. The
lower limit on the lifetime of a bound neutron into in-
visible particles can be inferred from the bound τ(n →
3ν) > 5× 1026 y to be many orders of magnitude greater
than the age of the Universe. However, neutrons inside
a NS reach a Fermi momentum pF of several hundred
MeV, which opens up possibilities for conversions of such
Fermi neutrons to heavier DM particles χ with masses
<∼ mn + O(p2F /(2mn)) that are kinematically forbidden
from being produced in the decays of normal bound neu-
trons. Such a mechanism might enable a significant frac-
tion of the nuclear matter inside the NS to be converted
into DM particles. Notice that the stability of the 9Be nu-
cleus requires mχ > 937.90 MeV, implying that the DM
particles produced in neutron decays will remain gravi-
tationally bound to the NS. The NS escape velocity is
ve =
√
2GMN/RN. For MN = 1.4M and RN = 12 km
the escape velocity is ve ' 0.6, hence, given the available
mass range, the DM particles will remain gravitationally
bound to the NS.
As an example of a model in which such dark conver-
sions of Fermi neutrons could form substantial DM cores
or halos, we consider a scalar DM particle χ with an ef-
fective Yukawa interaction
L ⊃ yn¯χν (A.1)
with the neutron n and a sterile neutrino ν that is as-
sumed to have negligible mass. In such a scenario, the
rate for the conversion process n → χ is estimated on
dimensional grounds to be
Γn→χ ∼ y2EF . (A.2)
where EF = mn + p
2
F /(2mn) is the Fermi energy.
For a NS with a baryonic central energy density of
O(1016 g/cm3), we estimate the corresponding Fermi en-
ergy to be EF ∼ 1.2 GeV. Assuming that Γn→χ  tNS,
where tNS is the age of the NS, we estimate the total DM
mass fraction produced in the NS to be
MD
MN
=
mχ
mn
Γn→χtNS . (A.3)
6Since the oldest NS have lifetimes of the order of tNS ∼
1010 y, this mechanism could generate DM cores with
MD ' 0.05MN if y ∼ 10−22. Consequently, DM and neu-
trons interact so feebly that the two sectors never achieve
equilibrium.1 In this case, the two components should
be treated separately when solving the TOV equations.
Moreover, because the interaction strength we consider
prevents additional NS cooling, we argue that the gravi-
tational observables discussed previously and the possible
presence of extra features in the frequency spectra of fol-
lowing the mergers of NS binaries [4] are the only NS
observables able to constrain this framework.
Neutron bremsstrahlung of scalar DM. As an alterna-
tive to neutron conversions, light DM particles could be
produced via bremsstrahlung in neutron-neutron scatter-
ings, as proposed recently in Ref. [6]. These processes
convert kinetic energy to matter, hence this mechanism
for DM production is more efficient in a younger and
hotter NS.
To exemplify the process, consider the effective cou-
pling
L ⊃ gn¯nχ (A.4)
between the neutrons and a scalar DM candidate χ.
This interaction produces DM predominantly via the
bremsstrahlung process nn → nnχ, which mainly pro-
ceeds via pion exchange. However, such reactions can
yield a significant amount of DM only if the correspond-
ing reaction rate is larger than that of usual NS cooling
processes. Although a detailed study of DM production
via bremsstrahlung lies beyond the scope of this work, we
give below a rough estimate to demonstrate that a DM
structure with a mass of O(1)% of the NS mass is within
the reach of such a process.
Assuming an average neutron energy of Kn = 3T/2,
where T is the temperature of the NS, DM production
via bremsstrahlung is efficient only as long as T > mχ/3.
Taking ve = 0.6 as the escape velocity from a 1.4M
NS, the produced DM particles would escape the NS if
T >∼ 0.5mχ. We can then estimate the temperature range
relevant for the DM bremsstrahlung production as
mχ/3 < T <∼ 0.5mχ . (A.5)
A preliminary estimate of the maximal amount of DM
produced is then given by comparing the average kinetic
energy of neutrons inside the NS to their mass. The tem-
perature of a newly born NS is T0 ' 50 MeV [41, 42], cor-
responding to neutrons with an average kinetic energy of
K0 = 3T0/2 ' 0.08mn. If mχ = 100MeV, DM particles
are produced via bremsstrahlung until T = 0.7T0, yield-
ing a total DM mass MD ' (1−0.7)×0.08MN ≈ 0.02MN.
However, we point out that this estimate neglects the
backreaction of the produced DM on the NS tempera-
ture, which might lead to an increase in its temperature
and, therefore, to a larger total DM mass.
Dark matter stars. A nonstandard DM sector with
a subdominant dissipative component might lead to
the formation of mixed stars (see, for instance, [43–45]
and [5, 16, 18, 26, 46–48] for the NS case) character-
ized by a large DM mass fraction. Moreover, the asym-
metric DM stars previously considered in [17, 49] could
serve as the DM cores studied in the present paper. In
fact, as demonstrated in [45], a small fraction (. 10%)
of strongly self-interacting DM can lead to an early for-
mation of black holes (BHs) that could serve as seeds
for subsequent supermassive BH formation, alleviating
any tension with the standard picture. Depending on
the shape of the initial perturbation spectrum, it is then
plausible that BH formation be accompanied by the for-
mation of smaller structures analogous to the NS of the
visible sector. These compact dark objects could then
serve as accretion centers for baryonic matter, potentially
leading to the formation of a DM-admixed NS. This sce-
nario does not require any interaction between the dark
and the visible sectors, other than gravity, but a careful
assessment of its viability would require dedicated stud-
ies.
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